The aims of this study were to examine the effects of whole body heat stress and subsequent stress protein induction on glycolytic metabolism, mitochondrial metabolism, and calcium handling within the heart. The effect of heat stress on glycolytic and mitochondrial pathways was examined by measuring contractile performance in the presence of glucose and pyruvate, respectively. Calcium handling was assessed using force-interval relationships. Right ventricular papillary muscles taken from heat-stressed and control rabbit hearts were superfused with Kreb's solution containing either glucose or pyruvate and rendered hypoxic for 30 min. After reoxygenation, the greatest recovery of contractile function occurred in the heat-stressed muscles with pyruvate as substrate; there was, however, no difference in the force-interval relationship between the groups. The degree of contractile recovery was related to the content of the inducible 70-kD but not the 65-kD, heat stress protein. This study suggests that heat stress enhances the ability of rabbit papillary muscle to use pyruvate, but not glucose, after reoxygenation, and that the differences seen in contractility may be secondary to induction of the 72-kD stress protein.
Introduction
When any living cell is exposed to a sublethal elevation ofenvironmental temperature a series of adaptive changes occur that serve to protect that cell from subsequent increases in temperature ( 1 ). A group of proteins, known as the heat shock or heat stress proteins, are the only proteins synthesized during such stress and play a pivotal role in providing this protection (2, 3) . In cardiac tissue a wide variety of insults result in the synthesis of these stress proteins (4) (5) (6) (7) (8) (9) . Of particular interest is the finding that these proteins are expressed in response to both permanent coronary ligation associated with infarction ( 10) , as well as brief 5-min coronary ligations resulting in mild stunning with no infarction ( 11) . The finding that ischemia results in stress protein synthesis suggests that these proteins may be involved in the cellular repair process both during and after the ischemic insult. This has prompted us and others to examine whether prestressed myocardial tissue, entering ischemia with a higher stress protein content, is more resistant than tissue that has normal constitutive expression of these proteins (12) (13) (14) (15) (16) .
Studies using heat to elevate the stress protein content of myocardial tissue at the onset of ischemia have demonstrated both enhanced recovery of contractile function and resistance to infarction after ischemia (12) (13) (14) (15) (16) . However, it remains uncertain if the observed protection is secondary to stress protein induction or is a nonspecific effect of whole body temperature elevation.
In previous studies no attempt has been made to correlatethe myocardial stress protein content within individual hearts, to the degree of observed protection. The advantage of such a comparison is that it would help define the role of stress proteins in the myocardial protection observed after heat stress. The main difficulty with such an approach is that the stress protein content of the tissue needs to be estimated before the onset ofa subsequent stress to ensure that the pattern ofinduction is not perturbed by the experimental conditions (9, 11) . By using an isolated papillary muscle model we were able to obtain several similar myocardial specimens from each heart. While one such specimen was used for the assessment of contractile function, the remaining specimens could be used for stress protein analysis.
In the rabbit, preserved mitochondrial activity, increased levels of high energy phosphates, diminished enzyme release, as well as enhanced functional recovery have been reported after ischemia/reperfusion of heat stressed hearts ( 15) . Similarly, in the rat, the enhanced functional recovery that follows heat stress is associated with preservation of mitochondrial ultrastructure ( 12) . Heat stress proteins are known to play an important role in mitochondrial protein metabolism and energy production ( 17, 18) , and are also implicated in the switch from aerobic to anaerobic metabolism after heat and other stresses ( 19) . Moreover, upon reperfusion a similar metabolic switch occurs in the heart, when the ability to generate ATP by glycolysis is thought to have special prognostic importance (20) . However, the relative contribution of mitochondrial and glycolytic pathways to the enhanced postischaemic recovery seen with heat stress is not known. In addition, studies in noncardiac tissue suggest that heat stress proteins are able to influence protein kinase activity (21 ) as well as bind calmodulin (22) , and thereby may indirectly effect the uptake and release of calcium from the sarcoplasmic reticulum. For these reasons changes in myocardial calcium handling may also contribute We have attempted to address these issues by comparing the contractile performance of heat-stressed and nonheat stressed myocardium using substrates with differing mitochondrial and glycolytic availabilities, while assessing calcium handling by means of force interval parameters (23) .
Methods
The experimental model. Male New Zealand White rabbits, weighing 1.8-2.5 kg, were anesthetized using pentobarbitone (40 mg/kg i.v.). In the heat-stressed group (n = 25), rectal temperature was raised to 420C for 15 min by wrapping the anesthetized rabbit in an electric warming blanket. Identically anesthetized control rabbits (n = 24) were wrapped for similar periods without switching the blanket on. After either sham or true heat stress the animals were allowed to recover. The next day, 20-26 h after the first anesthetic, the animals were reanesthetized with pentobarbitone (60 mg/ kg) and given 500 U ofheparin intravenously. The hearts were rapidly removed, washed in oxygenated modified Krebs solution, and the right ventricle was opened by an incision through the pulmonary artery extended to the apex. The thinnest suitable right ventricular papillary muscle was dissected together with a small portion of attached interventricular septum. The chordae tendinae were fixed to a hook in a water-jacketed organ bath using a 6/0 silk suture and the septal end of the muscle was fixed to a force transducer (UCT2; Gould Statham, OH) via the ventricular septal wedge. The remaining papillary muscles and adjoining portions of right ventricular tissue were frozen in liquid nitrogen for stress protein analysis.
Papillary muscle dissection and perfusion was performed in oxygenated modified Krebs solution with the following composition: 1 8.5 mM NaCl, 24.8 mM NaHCO3, 4.8 mM KCl, 1.2 mM KH2PO4, 2.0 mM CaCI2, 1.4 mM MgSO4. To this was added either 15 mM glucose or 10 mM sodium pyruvate, (sodium pyruvate from Sigma Chemical Co., St. Louis, MO; all other reagents were ANALAR grade from BDH Chemicals, Poole, England). During hypoxia when the perfusate contained no substrate, 10 mM choline chloride was substituted for either glucose or pyruvate to maintain the osmolarity. Solutions were continuously bubbled with either 95% oxygen plus 5% carbon dioxide or 95% nitrogen plus 5% carbon dioxide, to provide a pH in the organ bath of 7.35-7.45 during the entire procedure. The corresponding oxygen tensions for these gas mixtures in the bath effluent were 50.5-60.2 and < 6.0 kPa, respectively. The organ bath volume was 4 ml and perfusate flow was set at 8 ml/min throughout. The temperature was kept at 37±0.2°C by water circulation through jackets surrounding the organ bath and preorgan bath heat exchanger (C-85a Circulator; Techne, Cambridge, UK). Temperature and pH were measured continuously in the organ bath while 02 and CO2 tensions were monitored intermittently in the organ bath effluent (ABL2 automated blood gas analyzer; Radiometer, Copenhagen, Denmark).
Papillary muscle stimulation protocol and data acquisition. 30 min after the papillary muscles were fixed in the organ bath they were stretched to a length developing 90% of maximal active force and the pacing threshold determined. This was followed by a further 30-min stabilization period. Throughout this time the stimulation rate was maintained at 1 Hz. Papillary muscles were field stimulated via parallel flattened platinum electrodes using an isolated stimulator (DS2; Digitimer, Hertfordshire, England) triggered by a computerized clock, the pulse amplitude being set at twice threshold with a fixed pulse duration of 2 ms. Tension envelopes were amplified (NL 107; Digitimer), recorded on paper at slow paper speed (5 mm/min) (RS3400 chart recorder; Gould Statham), and simultaneously digitized at 250 Hz for on-line analysis.
Papillary muscles were stimulated at 1 Hz, apart from baseline, and 0, 30, 60, and 90 min after reoxygenation, when an assessment of force generation in response to extrasystolic beats was performed. Each of these assessments was identical and consisted of a single extrasystolic beat with an initial coupling interval of 200 ms to the preceding beat. Every 12 beats this interval was increased by 25 ms, until the coupling interval reached 800 ms, the increment then being set at 100 ms until the coupling interval reached 1,000 ms, and finally the increment was set at 500 ms until the extrasystolic beat followed the preceding beat by 10 After 90 min of reoxygenation the papillary muscle relaxed (unloaded) length and diameter were measured using a stage-mounted graticule (Gradicules Ltd., Kent, England), and muscles were then blotted dry and weighed.
Heat stress protein assessment. Right ventricular papillary muscles, remaining after the chosen sister papillary muscle had been successfully suspended in the organ bath, were frozen in liquid nitrogen.
At a later date myocardial specimens were crushed and homogenised in 2x concentrated SDS-PAGE sample buffer (20% glycerol and 6% SDS in 0.12 M Tris at pH 6.8), protein concentrations were estimated using the BCA reagent (Pierce, Rockford, IL), and equalized by further addition of sample buffer where necessary, and 2-mercaptoethanol at a final concentration of 10% was added before boiling. Samples were then centrifuged and stored at -70°C. Subsequently samples were thawed, recentrifuged, and volumes pipetted to allow loading of -30 ,ug of total protein per lane of slab gel.
Proteins were separated by SDS-PAGE on 0.8-mm thick, 12.5% acrylamide gels according to Laemmli (24) . Two identically loaded gels were prepared, with 10 samples from heat stressed hearts and 4 samples from control hearts. In both these groups the sister papillary muscles were subsequently superfused with pyruvate. The proteins on one gel were transferred to nitrocellulose by Western blotting. The other identical gel was stained with Coomassie Brilliant blue (R250; BDH Chemicals) to visualize protein. It was necessary to confirm equivalency of protein loading directly because the BCA reagent (Pierce) cannot be used in the presence of mercaptoethanol. Hence, although protein concentrations were equalized between the samples on the basis of the Pierce reagent, the intervening boiling and centrifugation steps necessitated rechecking by direct Coomassie visualization.
Protein transfer from SDS-PAGE gel to nitrocellulose was confirmed by Coomassie staining of the gel. After transfer the nitrocellu- lose filters were incubated with mouse monoclonal antisera crossreactive to the inducible 70-kD heat shock protein (hsp72) (Stressgen, Sidney, Canada) at 1:1,000 dilution. Second antibody was horseradish peroxidase-conjugated rabbit anti-mouse IgG (Dakopatts, Glostrup, Denmark) at 1:1,000 dilution. The filter was developed using enhanced chemiluminescence (ECL) detection (Amersham, Bucks, UK) and exposed to x-ray film for the appropriate time.
An identical gel was prepared and underwent Western blotting as above, the nitrocellulose filter being exposed to mouse monoclonal antisera raised against human heat shock protein 65 (25) (hsp65) at 1:2,000 dilution. Subsequent treatment was as above with second antibody at 1:2,000 dilution.
The relative levels ofhsp72 and hsp65 were determined using densitometry (620 video densitometer with analyst 2 version 3.1 software; Bio-Rad, Hemel, Hempstead, UK), normalizing to the actin band on the Coomassie-stained gel. This procedure adjusts for slight variations in protein loading between samples (26) .
Statistical analysis. Results are expressed as means with standard errors determined by conventional methods. Statistical analysis was performed using the Student's two-tailed unpaired t test for single comparisons between heat stress and corresponding control groups. When multiple comparisons were necessary they were performed by analysis of variance (ANOVA) followed by Fisher's protected least significant difference method (27) . The Spearman rank correlation method was used to test for significant associations between variables (27) . A probability value of < 5% was considered significant.
Results
49 papillary muscles from 49 rabbits (25 heat stressed and 24 controls) were used in this study and allocated to 4 groups. Group 1 was control pyruvate (n = 12), in which papillary muscles from control rabbits were superfused with pyruvate as substrate. Group 2 was heat stress pyruvate (n = 12), in which rabbits were heat stressed and the papillary muscles superfused with pyruvate as substrate. Group 3 was control glucose (n = 12), in which rabbits were controls and papillary muscles were superfused with glucose as substrate. Group 4 was heat stress glucose (n = 13), in which rabbits were heat stressed and papillary muscles superfused with glucose as substrate. There was one exclusion from the heat stress glucose group as a result of spontaneous force development after high flow hypoxia. Each group therefore contained 12 papillary muscles. Although three papillary muscles, one from each of the heatstressed pyruvate, control glucose, and control pyruvate groups, suddenly failed to contract secondary to a rise in pacing threshold during the late hypoxic period, they were still included in the final analysis.
Contractility is enhanced by heat stress with pyruvate as substrate. The baseline characteristics of the papillary muscles before high flow hypoxia without substrate were similar in all groups (Table I ). Prior heat stress or choice ofsubstrate did not influence the resting or developed force, the maximum rate of rise or fall of force, the time to peak force, or the time to 90% relaxation (Table I) .
Individual papillary muscle responses to high flow hypoxia were variable with some muscles increasing their developed force above that of baseline during the early hypoxic period. During hypoxia developed force appeared better sustained in the heat-stressed papillary muscles. The total developed force during hypoxia as a percentage of developed force over the same time period ofoxygenation revealed that with either pyruvate or glucose as substrate, the heat stress muscles developed more force than their respective controls (heat stress pyruvate, Fig. 1 shows that after reoxygenation and reintroduction of substrate the developed force was similar in all groups, however, by 60 min of reoxygenation the developed force appeared greatest in the heat stress group when pyruvate was used as substrate (P < 0.05; heat stress pyruvate vs. all other groups by ANOVA). This difference was maintained through to the end of the reoxygenation period (Fig. 1) .
The maximum rates of rise and fall in developed force, as well as time to peak tension and 90% relaxation, followed a broadly similar pattern to those observed for developed force. The heat stress pyruvate group exhibited the most complete return to baseline values (P = NS), while between the control groups a trend was seen in favor of pyruvate as substrate (data not shown).
In summary, the results indicate that the protection against hypoxia and reoxygenation seen after heat stress is most marked when pyruvate is used as substrate both before and after hypoxia.
Theforce-interval relationship remains unchanged. When the force-interval relationships between control and heatstressed pyruvate groups were examined at 90 min ofreoxygenation (Fig. 2) , there was no significant separation of data points and the relationships appeared similar. The data comprising these relationships were collected at a time point when there was a significant difference in the developed force of the steady state beats between control and heat-stressed groups with pyruvate (Fig. 1 ) . Similarly, the force-interval relationships did not differ between papillary muscles from heatstressed and control hearts perfused with glucose (data not shown).
The inducible 70-kD heat stress protein (hsp72) is associated with contractile recovery. To compare papillary muscle stress protein content with the posthypoxic contractile recovery of sister papillary muscles, densitometric assessments of Western blots and Coomassie-stained gels were undertaken. Densitometry performed in this fashion showed a linear response to protein loading for both stress protein bands and the actin band on Coomassie-stained gels (See Figs. 3 and 4) . ..S Figure 4 . Densitometric assessment of Coomassie actin band and 65-and 72-kD stress protein bands with varying protein loading. The data for the figure above were taken from three SDS-PAGE gels loaded in an identical fashion to those shown in Fig. 3 Fig. 6 shows that the basal expression of the 70-kD protein was seen in all control specimens. However, prior heat stress resulted in a variable increase in stress protein content. When blots were examined densitometrically there was an approximate fourfold increase in the content of hsp72 24 h after heat stress (heat stress, 6.2±0.7 vs. control, 1.7±0.3 U; P = 0.003).
When the stress protein content of papillary muscles harvested from heat-stressed hearts was compared to the contractile performance of sister papillary muscles superfused with pyruvate, a significant correlation was found (R2 = 0.56, P = 0.01 ). This indicates that those papillary muscles with a high stress protein content tended to be those muscles with the greatest resistance to hypoxia and reoxygenation (Fig. 7) .
The 65-kD heat stress protein (hsp65) is not associated with contractile recovery. In contrast to hsp72, the papillary muscle content of hsp65 was not markedly elevated 24 h after heat stress (Fig. 8) . When control and heat stress samples were compared densitometrically the 65-kD protein was raised only -1.5-fold after heat stress (heat stress, 4.0±0.41 vs. control, 2.9±0.28 U; P = 0.14). In addition, Fig. 9 shows that there was no correlation between papillary muscle 65-kD stress protein content and the resistance of sister papillary muscles to hypoxia and reoxygenation (R2 = 0.14, P = 0.3).
Discussion
Prior heat stress has been shown to protect against injury in a number of biological systems (28) (29) (30) . This study confirms that a similar protection against hypoxia and reoxygenation is seen within rabbit right ventricular papillary muscles. Our findings extend the observations of other investigators, which have shown that prior heat stress is able to limit the injury associated with ischemia and reperfusion of the isolated and in situ heart (12) (13) (14) (15) (16) .
Papillary musclecontractilityandsubstratepreference. Papillary muscle physical dimensions as well as amplitude and rates of change of developed force were similar in all groups before hypoxia. Differences in subsequent performance are not therefore the result of any chance differences in papillary muscle characteristics between groups. During hypoxia, papillary muscle activity was assessed by integration of the force envelope. The activity of muscles in the heat-stressed groups with either pyruvate or glucose as substrate was greater than in the respective control group. The importance of this observation lies in the fact that contractile activity during hypoxia is inversely related to ultimate recovery upon reoxygenation (31 ) . It would therefore be expected that upon reoxygenation the heat-stressed muscles would recover to a lesser degree than Heat Stress, Stress Proteins, and Metabolic Substrate 1091 Relationship between papillary muscle content of the inducible 70-kD stress protein (hsp72) and contractile performance. Papillary muscle hsp72 was measured by optical densitometry of samples RV 1 HS to RV 10 HS, using the actin band of an identically loaded Coomassie-stained gel to correct for differences in loading between samples (see Fig. 5 ). The relationship between corrected optical density and papillary muscle contractile activity was determined using the Spearman rank correlation method.
their corresponding controls. In fact with both substrates the opposite was found, and this reversal of the expected findings was most marked with pyruvate. Advantages to reperfusion with pyruvate have been described previously in isolated (nonheat-stressed) hearts (32, 33) . Hypothetically, if heat stress were to enhance the capabilities of the mitochondria, this would explain the greater functional recovery seen in the heat stress pyruvate group. This benefit may not be apparent with glucose as substrate ifdamage to the glycolytic pathway were to limit mitochondrial substrate availability to such a degree as to obviate any effect of enhanced mitochondrial function. In addition, the suggestion that the enhanced contractility that follows heat stress is a result of improved mitochondrial function is supported indirectly by the finding that both in vitro mitochondrial function and morphology are preserved after ischemia and reperfusion of heat-stressed hearts ( 12, 15 ). An alternative explanation for the better recovery in the heat-stressed pyruvate group could be that heat stress enhances pyruvate uptake by the myocyte. This, however, seems less likely as there is no difference in function between the heat stress and control pyruvate groups at baseline. Force-interval relationships. The changes occurring in the processes of restitution and decay ofpotentiation after hypoxia are characteristic of the findings seen by other investigators (23) . Although the physiological processes that underlie the force-interval relationship are not fully characterized, a number of investigators have demonstrated that developed force after an interposed beat is directly related to the amplitude of the calcium transient (34) (35) (36) (37) . This observation has prompted authors to propose a model with, in its simplest form, functional uptake and release compartments for calcium (38) (39) (40) . Generally speaking, these models propose that after a contraction calcium is taken up into the uptake compartment but can only be released from the release compartment. Transfer from uptake to release compartments takes a finite time and probably follows first-order kinetics. Thus, with a premature beat not all the calcium in the uptake compartment will have been transferred to the release compartment, and hence the next calcium transient is small and the resultant beat proportionately weak. This process is thought to account for the mechanical restitution of the extrasystolic beat. On the next (postextrasystolic) beat, the extra "aliquot" of calcium left in the uptake store, as a result of the premature beat, will have been transferred to the release store, giving rise to a larger than usual calcium transient and a proportionately strong beat. This process is thought to account for postextrasystolic potentiation. The most commonly accepted sites for these uptake and release compartments are the sarcoplasmic reticulae (41, 42) .
The force-interval relationship is very sensitive to a range of inotropic interventions and pathological processes known to alter cellular calcium handling. This sensitivity, together with the calcium compartment models described in a simplified form above, have been used by a number of investigators to gain insights into myocardial calcium handling in a number of different situations (23, 36, 37, 43, 44 ( 12, 45) have shown that in the rat, endogenous catalase activity is increased after heat stress and that if catalase activity is inhibited, the protection previously noted is lost. The currently favored hypothesis, therefore, is that heat stress increases endogenous myocardial antioxidant defences, which thereby act to limit the injury associated with free radical formation upon reperfusion / reoxygenation.
The results presented in this paper suggest that heat stress may act by preserving mitochondrial function, however, the mechanisms by which stress protein induction or other aspects ofheat stress could influence mitochondrial performance are at present tentative. Both the 65-and 70-kD family of stress proteins are known to have essential roles in allowing correct unfolding and refolding of nuclear-encoded mitochondrial proteins as they enter the mitochondria from the cytoplasm (2, 18, 19) , and so may be able to correctly refold mitochondrial enzymes (6, 46) or structural proteins altered during ischemia and reperfusion. In our study the 72-kD stress protein is variably induced after heat stress and correlates with the variable papillary muscle resistance to hypoxia and reoxygenation. Such a correlation provides the first circumstantial evidence for a direct role of this protein in recovery after hypoxia. However, papillary muscles that have responded to heat stress with the highest stress protein response may also respond with the greatest increase in endogenous antioxidant activity. Papillary muscle catalase activity was not measured in this study. The basis for the increase in catalase activity after heat stress is still poorly defined, does not involve a change in the mRNA coding for this enzyme (47) , and seems to be species specific ( 14) . Indeed, it has recently been suggested that the heat-induced alteration in catalase activity may be secondary to a direct stress protein interaction, modulating the activity of this enzyme (48) . In an attempt to determine if the protection observed in this study was dependent on new protein synthesis, actinomycin and cyclohexamide were administered; both drugs resulted in a 100% mortality. Similarly, other authors have reported similar problems when attempting 24-h protein synthesis inhibition in vivo (J. M. Downey, personal communication, and Kuzuya et al. [49] ).
Preliminary reports, in keeping with the data presented above, also suggest that hsp72 is the stress protein most likely to be involved in myocardial protection. For example, the degree of myocardial infarct size reduction in the rat, 24 h after different severities ofwhole body heat stress, correlates with myocardial hsp72 content (50) , while more compelling evidence that myocardial stress proteins are directly protective is provided by the observation that transfecting an embryonal myocyte cell line with human hsp72 causes resistance to simulated ischemia (5 1 ).
We also analyzed the papillary muscle samples for the 65- The results of this study are consistent with the hypothesis that stress proteins are the mediators ofthe myocardial protection that follows heat stress and indicate for the first time that some families of stress proteins may be more important than others. The hypothesis that stress proteins may directly influence the resistance of the heart to ischemia has major implications, and would suggest that myocardial stress proteins raised by nonthermal means should also be protective. Short episodes of ischemia as may occur in unstable angina have been shown to result in significant stress protein induction over a 24-h period ( 11 ) , offering the theoretical possibility of a delayed, but perhaps long-lasting, adaptive change that would render the heart resistant to subsequent ischemia. Evidence in support of such a phenomenon exists in neuronal tissue where the stress protein content can be elevated by 2-min daily episodes of ischemia, a treatment that also seems to increase the neuronal resistance to subsequent more prolonged ischemia (52). Other reports suggest that a similarly delayed protection occurs 24 h after "classical" ischemic preconditioning of the dog (49) or rabbit (53) heart and also 24 h after rapid pacing of the rabbit heart (54). The ramifications of these unconfirmed findings are immense and may explain the apparently paradoxical benefits, despite more severe coronary artery disease, ofa history of stable angina before myocardial infarction (55) .
In conclusion, after 30 min ofhypoxia with substrate deprivation, the recovery ofrabbit papillary muscle contractile activity appears greatest in heat-stressed muscles when pyruvate is used as substrate. We postulate this reflects an increase in mitochondrial resistance to hypoxia and reoxygenation after heat stress. The lack of an effect of heat stress on force-interval behavior of muscle suggests that the enhanced contractility occurs independently of alterations in calcium release and reuptake processes within the myocardium. The finding that papillary muscle contractile recovery is closely correlated with the content ofthe 72-kD stress protein implies that the myocardial protection that follows heat stress may be mediated by an increase in myocardial stress protein content.
